The global increase in measles vaccination has resulted in a significant reduction of measles mortality. The standard route of administration for the live-attenuated measles virus (MV) vaccine is subcutaneous injection, although alternative needle-free routes, including aerosol delivery, are under investigation. In vitro, attenuated MV has a much wider tropism than clinical isolates, as it can use both CD46 and CD150 as cellular receptors. To compare the in vivo tropism of attenuated and pathogenic MV, we infected cynomolgus macaques with pathogenic or attenuated recombinant MV expressing enhanced green fluorescent protein (GFP) (strains IC323 and Edmonston, respectively) via the intratracheal or aerosol route. Surprisingly, viral loads and cellular tropism in the lungs were similar for the two viruses regardless of the route of administration, and CD11c-positive cells were identified as the major target population. However, only the pathogenic MV caused significant viremia, which resulted in massive virus replication in B and T lymphocytes in lymphoid tissues and viral dissemination to the skin and the submucosa of respiratory epithelia. Attenuated MV was rarely detected in lymphoid tissues, and when it was, only in isolated infected cells. Following aerosol inhalation, attenuated MV was detected at early time points in the upper respiratory tract, suggesting local virus replication. This contrasts with pathogenic MV, which invaded the upper respiratory tract only after the onset of viremia. This study shows that despite in vitro differences, attenuated and pathogenic MV show highly similar in vivo tropism in the lungs. However, systemic spread of attenuated MV is restricted.
The global increase in measles vaccination has resulted in a significant reduction of measles mortality. The standard route of administration for the live-attenuated measles virus (MV) vaccine is subcutaneous injection, although alternative needle-free routes, including aerosol delivery, are under investigation. In vitro, attenuated MV has a much wider tropism than clinical isolates, as it can use both CD46 and CD150 as cellular receptors. To compare the in vivo tropism of attenuated and pathogenic MV, we infected cynomolgus macaques with pathogenic or attenuated recombinant MV expressing enhanced green fluorescent protein (GFP) (strains IC323 and Edmonston, respectively) via the intratracheal or aerosol route. Surprisingly, viral loads and cellular tropism in the lungs were similar for the two viruses regardless of the route of administration, and CD11c-positive cells were identified as the major target population. However, only the pathogenic MV caused significant viremia, which resulted in massive virus replication in B and T lymphocytes in lymphoid tissues and viral dissemination to the skin and the submucosa of respiratory epithelia. Attenuated MV was rarely detected in lymphoid tissues, and when it was, only in isolated infected cells. Following aerosol inhalation, attenuated MV was detected at early time points in the upper respiratory tract, suggesting local virus replication. This contrasts with pathogenic MV, which invaded the upper respiratory tract only after the onset of viremia. This study shows that despite in vitro differences, attenuated and pathogenic MV show highly similar in vivo tropism in the lungs. However, systemic spread of attenuated MV is restricted.
Measles virus (MV) is one of the most contagious human viruses and is transmitted via aerosols or by direct contact with contaminated respiratory secretions. Clinical symptoms appear approximately 2 weeks after infection and include fever, rash, cough, coryza, and conjunctivitis (20) . Measles is associated with immunosuppression, resulting in increased susceptibility to opportunistic infections. While significant progress has been made in global control programs, 164,000 deaths were attributed to measles in 2008 (46) .
MV was first isolated in cell culture in 1954 (16) . This Edmonston wild-type MV strain was passaged multiple times in primary human kidney and amnion cells and adapted to eggs and chicken embryo fibroblasts to produce the live-attenuated Edmonston-B vaccine virus (15) , which was later replaced by the more attenuated MV strains (Edmonston-Zagreb, Moraten, and Schwarz) (34). These vaccines have been shown to be safe and effective, and high coverage in two-dose regimens has successfully interrupted endemic MV transmission in large geographic areas (6) .
For many years, laboratory-adapted MV-Edmonston strains were used as the prototype virus and were shown to display a wide cellular tropism in vitro. The virus efficiently infected epithelial cells, which were considered the target cells for primary MV infection in vivo (22) . In 1993, the cell surface glycoprotein CD46, expressed by virtually all nucleated human cells, was identified as a cellular receptor for MV (11, 26) . However, it became evident that only vaccine and laboratoryadapted MV strains were able to utilize this molecule as a cellular receptor (4) . CD150, a membrane glycoprotein expressed on subsets of lymphoid and myeloid cells, was identified as the receptor for wild-type MV strains in 2000 (40, 47) .
Experimental infections of nonhuman primates with the Edmonston wild-type MV have given variable results: initial studies reported clinical signs, including rash (30) , but later studies suggested that these viruses were in fact attenuated (3, 45) . It is now known that most MV strains isolated in CD150-negative cells are attenuated in vivo, whereas non-cell-culture-passaged MV or wild-type strains isolated and passaged in CD150-positive cells retain pathogenicity (for a review, see reference 7). We recently infected macaques with a recombinant MV based on the IC323 strain expressing a fluorescent protein (21, 39) , a virus that exclusively uses CD150 as a cellular receptor. This virus retained its pathogenicity in nonhuman primates, and CD150-expressing lymphocytes and dendritic cells (DC) were the predominant target cells for MV replication (9) .
Although attenuated MV strains have been used successfully in large-scale vaccination campaigns, surprisingly little is known about the molecular mechanisms underlying this attenuation. In addition to having a wider tropism in vitro, attenuated MV strains have deficiencies in their capacity to antagonize innate immune responses (27) . Experimental infections in nonhuman primates demonstrated that attenuated MV may cause low-level viremia, although virus loads were 10-to 100-fold lower than those observed in animals infected with pathogenic MV (3, 45) and in some cases were undetectable (8) . However, nothing is known about the cell types and tissues targeted by attenuated MV strains in vivo. This subject has gained importance in recent years due to activities aimed at developing alternative needle-free routes of measles vaccination (42) .
In the present study, we aimed to compare the in vivo tropism of attenuated and pathogenic MV using two recombinant MV strains expressing enhanced green fluorescent protein (EGFP): rMV rEdt EGFP, a clone of the Edmonstontag (Edtag) virus (32) that contains a repaired phosphoprotein (P) gene (L. J. Rennick et al., unpublished data), and rMV IC323 EGFP (21) , which was previously used in pathogenesis studies of macaques (9) . rMV rEdt EGFP can use both CD46 and CD150 as cellular receptors in vitro, whereas rMV IC323 EGFP exclusively uses CD150 as a cellular receptor. In the majority of previous experimental MV infections of macaques, we used intratracheal (i.t.) inoculation as the route of virus administration. The main advantage of this route is that it ensures delivery of the complete virus dose to the lungs. However, there is a clear disadvantage in that it does not mimic the natural route of MV transmission. In the present study, we compared i.t. inoculation and aerosol inhalation in order to overcome this limitation and better understand how the virus is able to establish a natural infection.
MATERIALS AND METHODS

Cells and viruses.
For the scope of this study, an attenuated and a pathogenic MV expressing EGFP were used. The attenuated MV was based on the first molecularly cloned MV strain, the Edtag virus (32) . The Edtag strain of MV has historically been used for in vivo MV studies (29, 41, 43) . The V protein of the Edtag strain has been shown to be defective in counteracting interferon (IFN) signaling pathways due to tyrosine-to-histidine and cysteine-to-arginine substitutions at amino acid positions 110 and 272, respectively (10, 17, 28) . The presence of a functional V protein is crucial for establishing a productive infection in vivo (10) . For this reason, the P gene of the recombinant Edtag virus was replaced with that of an early-passage Edmonston vaccine strain (19) (GenBank accession number GU327676). This gene encodes a V protein that is identical to that of the Moraten vaccine strain of MV, which has been shown to be competent for antagonizing the IFN signaling pathway (10) . Upon rescue, this virus was shown to have a normal V protein and stable EGFP expression and was designated rMV rEdt EGFP (Rennick et al., unpublished). As a pathogenic MV, we used rMV IC323 EGFP, the in vivo virulence of which has been previously validated in the macaque model (9) . Virus stocks were grown in an Epstein-Barr virus-transformed human B-lymphoblastic cell line (B-LCL) and tested negative for contamination with Mycoplasma species. Virus titers were determined by endpoint titration in Vero-CD150 cells and were expressed as 50% cell culture infectious doses (CCID 50 ).
In vitro infection of primary human cells. Peripheral blood mononuclear cells (PBMC) were isolated from human blood by density gradient centrifugation. T lymphocytes were expanded by stimulation of PBMC with phytohemagglutinin (PHA-L) in the presence of interleukin 2 (IL-2) (50 IU/ml); B lymphocytes were isolated with CD19 magnetic beads and expanded by coculture with gammairradiated murine L cells expressing human CD40L (18) in the presence of recombinant human IL-4 (40 IU/ml); monocytes were isolated by CD14 magnetic-bead separation and differentiated into immature DC and macrophages. Immature monocyte-derived DC were obtained by culturing monocytes for 5 days in the presence of IL-4 (300 IU/ml) and granulocyte-macrophage colonystimulating factor (GM-CSF) (300 IU/ml), whereas to obtain macrophages, the monocytes were cultured in the presence GM-CSF only. Immature DC were differentiated by stimulation with a maturation mixture containing tumor necrosis factor alpha (TNF-␣), IL-6, IL-1␤1, and prostaglandin E 2 (PGE 2 ), as described previously (1 Ex vivo infection of macaque spleen cells. Spleens were collected from three rhesus macaques, which had been sacrificed in the framework of another study. The spleens were minced, and single-cell suspensions were prepared using cell strainers with a 100-m pore size (BD Biosciences); mononuclear cells were obtained by density gradient centrifugation. The cells were infected with either attenuated or pathogenic MV at an MOI of 0.1 and cultured for 4 days. Infection percentages were measured in duplicate by flow cytometry at 24, 48, and 96 h p.i.
Animal study design. Juvenile MV-seronegative cynomolgus macaques were housed in negatively pressurized, HEPA-filtered biosafety level 3 (BSL-3) isolator cages. The animals were infected with either rMV IC323 EGFP (groups A and B; n ϭ 8) or rMV rEdt EGFP (groups C and D; n ϭ 8). Within these two groups, four animals were infected with 10 4 CCID 50 by i.t. inoculation (groups A and C), and four animals were infected by aerosol inhalation (groups B and D). Aerosol was generated using the Aeroneb Lab nebulizer with an OnQ aerosol generator (kind gift of J. Fink, Nektar Therapeutics). Previous studies had shown that this combination efficiently delivers an aerosol to the airways of nonhuman primates, depositing over 10% of the generated aerosol into the lungs (12) . In order to optimize the infectious dose of virus, the virus was titrated on Vero-CD150 cells before and after bench nebulization. This showed an approximate 2-fold decrease in the amount of infectious virus (data not shown). Therefore, we hypothesized that exposing the macaques to a dose of 10 6 CCID 50 of nebulized virus corresponded to an approximate i.t. dose of 10 4 CCID 50 . This corrected for the limited deposition into the lungs, virus loss by nebulization, loss of the aerosol into the environment, aerosol deposition on the skin and eyes, and aerosol that was swallowed during nebulization. All animals were euthanized on day 7, which we estimated to be the peak of attenuated-MV replication and shortly before the peak of pathogenic-MV replication. This study was approved by the animal ethics committee and performed according to Dutch guidelines for animal experimentation.
Samples. Small-volume EDTA blood samples were collected in Vacuette tubes containing K3EDTA as an anticoagulant 0, 2, 4, 5, 6, and 7 days p.i. Plasma was separated from the blood by centrifugation, heat inactivated (30 min; 56°C), and stored at Ϫ20°C. White blood cells (WBC) were obtained by direct treatment of EDTA blood with red blood cell lysis buffer (Roche Diagnostics, Penzberg, Germany). WBC were resuspended in complete RPMI 1640 medium (Gibco Invitrogen, Carlsbad, CA) supplemented with L-glutamine (2 mM), 10% (vol/vol) heat-inactivated fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 g/ml); counted using a hemocytometer; and used directly for virus isolation and flow cytometry. PBMC were isolated from EDTA blood 0, 6, and 7 days p.i. by density gradient centrifugation; resuspended in culture medium as described above; and used for virus isolation and flow cytometry. A bronchoalveolar lavage (BAL) was performed 6 days p.i. by i.t. infusion of 10 ml phosphate-buffered saline (PBS) through a flexible catheter. On day 7 p.i., a BAL was performed postmortem by direct infusion of 10 ml PBS into the right lung lobe. BAL cells were resuspended in culture medium with supplements as described above, counted, and used directly for virus isolation. The remaining BAL cells were directly analyzed for EGFP expression by UV microscopy. Throat and nose swabs were collected 0, 2, 4, 5, 6, and 7 days p.i. for both virus isolation and virus detection by real-time reverse transcription (RT)-PCR (13) .
Virus detection. Isolation of MV was performed on human B-LCL using an infectious-center test as previously described (14) . Virus isolations were monitored by UV microscopy for EGFP fluorescence after cocultivation with B-LCL for 3 to 6 days. The results are expressed as the number of virus-infected cells per 10 6 total cells. Real-time RT-PCR on throat and nose swabs was performed as described previously (13) .
Macroscopic detection of EGFP fluorescence. Macroscopic detection of EGFP was performed as described previously (9) . Briefly, fluorescence was detected with a custom-made lamp containing 6 LEDs (peak emission, 490 to 495 nm); the emitted fluorescence was detected through an amber cover of a UV transilluminator used for screening DNA gels. Photographs were made using a Nikon D80 SLR camera.
Necropsies. Animals were euthanized by sedation with ketamine (20 mg/kg body weight), followed by exsanguination. Samples were collected in 4% (wt/vol) paraformaldehyde (PFA) in PBS (to preserve EGFP autofluorescence) or in buffered formalin. Representative blocks from the upper, intermediate, and lower lung were sampled to provide maximum surface area. A selection of
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on November 12, 2017 by guest http://jvi.asm.org/ samples was also collected in PBS for direct processing of tissues or was snapfrozen in liquid nitrogen and stored at Ϫ80°C. Flow cytometry. Freshly isolated WBC and PBMC were stained with monoclonal antibodies raised against human antigens and cross-reactive with macaque cell surface markers. T lymphocytes were detected by staining them with CD3 (BD Pharmingen; clone SP34-2) and subdivided into CD4 (NIH; clone L200) and CD8 (Dako; clone DK25). B lymphocytes were identified using HLA-DR (BD Biosciences; clone L243) and CD20 (BD Biosciences; clone L27) monoclonal antibodies. EGFP was always detected in the fluorescein isothiocyanate (FITC) channel. Fluorescence was measured on a FACSCanto II, obtaining approximately 10 6 events to allow detection of low-frequency EGFP ϩ populations. Lymphoid tissues, collected in PBS, were minced, and single-cell suspensions were prepared using cell strainers with a 100-m pore size (BD Biosciences); the cells were directly used for flow cytometry, after being stained with CD3 and CD20.
Immunohistochemical and immunofluorescence analyses of formalin-fixed tissues. All formalin-fixed sections were deparaffinized, and antigen retrieval was performed in a pressure cooker at full power for 3 min in 0.01 M Tris-EDTA buffer (pH 9.0). MV-infected cells were detected using a polyclonal rabbit antibody to EGFP (Invitrogen). Sections were incubated in primary antibody overnight at 4°C, and specific antibody-antigen binding sites were detected using an Envision-Peroxidase system with DAB (Dako) as a substrate. Dual-labeling indirect immunofluorescence was performed using polyclonal rabbit anti-EGFP and monoclonal mouse antibodies to the myeloid (macrophage/DC) marker CD11c (Novocastra; clone 5D11), the T-lymphocyte marker CD3 (Dako; clone F7.2.38), the B-lymphocyte marker CD20 (Dako; clone L26), and an epithelial cytokeratin cell marker (Dako; clone AE1/AE3). Antigen binding sites were detected with a mixture of anti-mouse Alexa 568 and anti-rabbit Alexa 488 (Invitrogen). Sections were counterstained with DAPI (4Ј,6Ј-diamidino-2-phenylindole) hard-set mounting medium (Vector). All fluorescently stained slides were examined at ϫ200, ϫ400, and ϫ1,000 magnifications on a fluorescence imaging microscope (Leica Microsystems). EGFP (pathogenic). In Vero cells, pathogenic MV was able to infect single cells, but only at a high MOI and never associated with cytopathic effects (Fig. 1A) . Attenuated MV replicated well in Vero cells, resulting in large syncytia irrespective of the MOI. Both viruses efficiently infected Vero-CD150 cells both at high and at low MOIs, resulting in clear cytopathic effects (Fig. 1A) .
RESULTS
In vitro
To compare the in vitro susceptibilities of primary human cells of lymphoid and myeloid origin, activated T and B lymphocytes, macrophages, immature DC, and mature DC were infected with either attenuated or pathogenic MV. At the time of infection, all cell types expressed CD46 at a high level, whereas CD150 expression was high on B lymphocytes, lower on T lymphocytes and mature DC, and virtually absent on immature DC and macrophages (Fig. 1B) . Infection with attenuated MV resulted in higher percentages of infected cells than infection with pathogenic MV (Fig. 1C) . Monocyte-derived macrophages and immature DC showed low infection percentages with pathogenic MV, corresponding to the absence of CD150, but despite the abundant expression of CD46, an analogous restriction in virus replication was also observed with attenuated MV (Fig. 1C) .
In order to compare the infectivity of MV for macaque splenocytes, complete spleen cell populations were infected ex vivo with either attenuated or pathogenic MV. Using an MOI of 0.1, infection with attenuated MV resulted in 1 to 2% EGFP ϩ cells 24 h p.i., which remained stable up to 4 days p.i. In contrast, pathogenic MV was barely detectable for the first 2 days p.i., but at day 4, the percentage of EGFP ϩ cells increased up to 5 to 6% (Fig. 1D) .
MV replication after aerosol and i.t. delivery. Macaques were infected in four groups of four animals each with either pathogenic or attenuated MV, via either the i.t. or aerosol route. No clinical signs were observed during the course of the experiment. Virus isolations were performed from PBMC and BAL cells to compare viremia and local replication in the lower respiratory tract. Real-time RT-PCR on throat and nose swabs was performed to detect viral presence in the upper respiratory tract. Pathogenic MV was isolated from PBMC of all eight animals; the virus loads in these samples were comparable for both administration routes ( Fig. 2A, right) . Clearly, the level of infection was still increasing to 7 days p.i., indicating that the animals were euthanized slightly before the peak of virus replication. Kinetics were similar to those described previously for pathogenic MV infections in macaques (9, 14, 35, 44, 45) . In contrast, attenuated MV was isolated only from PBMC of a single animal at a very low level in the aerosolinfected group ( Fig. 2A, right) . The amounts of virus isolated from BAL cells were comparable after either i.t. or aerosol infection with pathogenic MV, and virus could be isolated from all animals. The BAL from all macaques infected with attenuated MV contained infectious MV at either 6 or 7 days p.i. The numbers of MV-infected cells were comparable after either i.t. or aerosol infection and were approximately 10-fold lower than those observed with pathogenic MV (Fig. 2A, left) . UV microscopy was used to confirm the presence of EGFP ϩ cells in BAL in all cases (data not shown).
Flow cytometry of WBC and PBMC showed that CD3
, and CD20 ϩ cells were infected with pathogenic MV to similar extents after i.t. or aerosol infection, with CD3
ϩ CD4 ϩ cells identified as the primary target cells. Attenuated MV could not be detected in PBMC by flow cytometry (Fig. 2B) .
MV was detected by RT-PCR in the upper respiratory tract of all animals infected with rMV IC323 EGFP, but only after the onset of viremia (day 4 for throat swabs, and day 6 for nose swabs). Viral loads were again comparable for both routes of administration. In attenuated-MV-infected animals, there was a striking difference between the i.t. and aerosol infections. I.t. infection with attenuated MV did not lead to local replication in the nose and throat, whereas infection via the aerosol route led to immediate replication in the upper respiratory tract. Virus could already be detected 2 days p.i. (Fig. 2C) . Virus isolations performed with cells from the throat and nose swabs showed similar results (data not shown), indicating that the virus detected by real-time RT-PCR was indeed live infectious virus. However, although pathogenic MV could never be detected in any nose or throat sample at these early time points, it should be noted that the absolute levels that were detected were relatively low compared to those detected at later time points in animals infected with pathogenic MV.
Infection of lymphoid tissues by pathogenic and attenuated MV. Macroscopic fluorescence was detected in all animals following either i.t. or aerosol infection with pathogenic MV. The affected tissues were similar in both groups and included the skin, gingiva, buccal mucosa, tongue, trachea, primary bronchus, lungs, and all lymphoid tissues (lymph nodes, spleen, thymus, tonsils, adenoids, and gut-associated lymphoid tissue) 4716 DE VRIES ET AL. J. VIROL.
(data not shown). These tissues correlate with affected tissues described previously (9) . Flow cytometry of single-cell suspensions from lymph nodes indicated that CD20 ϩ B lymphocytes were the primary target cells for pathogenic MV in these tissues and again showed no difference between infection via the i.t. or aerosol route (Fig. 3A and B) .
In attenuated-MV-infected macaques, macroscopic fluorescence was detected only in the upper and lower respiratory tract; all lymphoid tissues were negative. The absence of attenuated MV in these organs was confirmed by flow cytometry (Fig. 3A  and B ). Immunohistochemistry revealed virus in lymph nodes from two attenuated-MV-infected macaques, but the numbers of infected cells were very limited in comparison to pathogenic-MVinfected lymph nodes (Table 1 and Fig. 3C and D) .
Local MV replication in the lungs. Macroscopically, EGFP was detected in all pathogenic-MV-infected lungs and in the lungs of 2 out of 4 attenuated-MV-infected animals from both the i.t. and aerosol-infected groups. Upon comparison to pathogenic MV, which formed large foci around the edges of the lung lobes, attenuated MV was observed to form smaller EGFP ϩ foci of infection throughout the lungs (Fig. 4) . Microscopically, the presence of MV in the lungs was detected in all animals ( Table 1) . Little difference was observed between infected cells observed in the parenchyma of the lungs of pathogenic-and attenuated-MV-infected animals ( Fig. 5 and 6 ). However, in the lungs of animals infected with pathogenic MV, many EGFP-positive cells were found in infiltrating immune cells, whereas these cells were much less infected by attenuated MV (Fig. 3E and F, respectively) .
Attenuated MV infects cells of lymphoid, myeloid, and epithelial origin in the lungs. Indirect-immunofluorescence dual labeling was performed on lung tissues from both i.t. and (Fig. 5) . While MV infection of the epithelium surrounding the alveoli was detected, cytokeratin immunostaining (AE1/AE3) was disrupted within foci of infected cells (Fig. 5) . Furthermore, viral spread appeared to be predominantly mediated by cell-to-cell spread between intimately connected CD11c ϩ cells. While CD3 ϩ T lymphocytes were abundantly present in the lungs, MV-infected T lymphocytes were rare and difficult to detect (Fig. 5) . Finally, only low numbers of CD20 ϩ B lymphocytes were detected in the lung parenchyma (although lymphoid infiltrations in the lung did contain B lymphocytes), and MV-infected B lymphocytes could not be observed (Fig. 5) .
Pathogenic MV infected similar cell types in general, although cytokeratin-positive infected epithelial cells were less frequently observed. Notably, more than 90% of EGFP-positive cells double stained with CD11c (Fig. 6 ). An important difference with the lungs of animals infected with attenuated MV was that large numbers of MV-infected T and B lymphocytes were observed, mostly within large areas of lymphoid tissue but rarely around the alveoli (Fig. 6 ).
DISCUSSION
In this study, we performed a side-by-side comparison of the in vivo tropism of attenuated and pathogenic MV in nonhuman primates after i.t. or aerosol delivery. In the lungs, both viruses predominantly infected CD11c ϩ myeloid cells, which include alveolar macrophages and DC. Although we have tried different surface molecules as specific markers, we have been unsuccessful in discriminating DC or macrophages in formalinfixed tissues. Only the pathogenic MV also caused viremia and was disseminated to lymphoid tissues, the respiratory submucosa, and the skin.
The aerosol route of infection more closely mimics a natural MV infection than i.t. delivery. For the pathogenic MV strain (rMV IC323 EGFP), no differences were observed in the virus isolation profiles from BAL cells, blood, throat, or nose samples between the two routes of infection. In addition, no macroscopic or microscopic differences in distribution or intensity of fluorescent cells were observed in affected organs during necropsies 7 days p.i. Further analysis of the samples taken from macaques infected via either delivery route identified the same major target cells described previously (9) , with CD3 ϩ CD4 ϩ T lymphocytes predominantly infected in blood and CD20 ϩ B lymphocytes predominantly infected in lymphoid organs. In all tissues, multifocal infection was detected, characterized by the presence of interconnected EGFP ϩ cells, strongly suggesting that the virus spread in a cell-to-cell manner, as observed for several other viruses (33) .
We used rMV rEdt EGFP as an attenuated strain of MV. This virus is a recombinant EGFP-expressing virus based on the Edtag strain of MV. An important consideration in the use of Edtag for in vivo infections is previous studies that show that Edtag probably does not encode a functional V protein, due to many C-to-T transitions (10) . Therefore, we corrected the P gene sequence by site-directed mutagenesis and rescued a recombinant virus with normal V protein expression. To determine whether the attenuated rMV rEdt EGFP behaved like other laboratory-adapted MV strains, in vitro infection experiments were performed with Vero and stably transfected Vero-CD150 cells. As expected, Vero cells were efficiently infected by attenuated MV, but not by pathogenic MV, whereas Vero-CD150 cells were infected by both strains. This confirmed that the attenuated strain can use both CD46 and CD150 in vitro, whereas the pathogenic MV strain uses only CD150. Attenuated and pathogenic MV displayed similar tropism in primary human cells. Activated primary B and T lymphocytes and mature DC were efficiently infected, whereas only low levels of infection were observed in immature DC and macrophages. It is noteworthy that these cells all expressed CD46 at a high level but were infected inefficiently with the attenuated strain of MV. Strikingly, in these in vitro infections, attenuated MV reached higher infection percentages than pathogenic MV. This was not the case in primary macaque splenocytes, where pathogenic, but not attenuated, MV was able to spread and reached higher percentages at 4 days p.i. Overall, the percentages of infection were lower in the mixed splenocyte population than in the B and T lymphocytes and mature DC, probably due to the activation status of these cells. Previously, ex vivo infection of human tonsillar tissue with both recombinant pathogenic and attenuated MV strains also revealed that pathogenic MV infected most cell populations more efficiently (5).
It is important to note that rMV rEdt EGFP is not completely identical to a live-attenuated MV vaccine strain. A sequence comparison was carried out between rMV rEdt EGFP and the vaccine strains Moraten, Schwarz, Zagreb, Rubeovax, and AIK-C (GenBank accession numbers AF266287, AF266291, AF266290, AF266289, and AF266286, respectively). Analysis indicated that there were six amino acid changes in rMV rEdt -EGFP that were not present in at least one of the vaccine strains: M (R175G), F (M94V), H (E492G), and L (E429D, R1629Q, and N1805S). The mutations in M, F, and H have been investigated previously (31, 36, 38) , on the basis of which it was decided not to change them to vaccine-identical amino acids. The changes in L either were outside the conserved domains (R1629Q) or the same changes were also retained in a previous study (E429D and N1805S) (10) . It was therefore decided that it was not necessary to change them to vaccineidentical amino acids either. However, the possibility that part of our results may reflect specific properties of the Edtag strain cannot be excluded. In macaques, pathogenic MV was detected in PBMC from all animals from 4 days p.i., whereas attenuated MV was detected only in PBMC from a single animal at 6 days p.i. These data are in good agreement with previous studies of macaques using nonrecombinant MV strains (3, 45) . The most remark- able parallel between attenuated and pathogenic MV was observed in the lungs. Attenuated MV was readily isolated from BAL cells 6 and 7 days p.i., albeit at lower levels than pathogenic MV. Immunohistochemical staining of infected lung tissue showed similar levels of infection, and dual staining indicated that the target cells in the lungs for both viruses were also similar. Attenuated and pathogenic MV predominantly infected CD11c ϩ cells in the lungs, while MV-infected cytokeratin-positive epithelial cells were detected only occasionally. Lymphoid infiltrations in pathogenic-MV-infected macaques contained high levels of infected T and B lymphocytes. Whether these are sites of primary virus replication or are a consequence of viremia remains to be determined. The extent of infected epithelial cells in lung tissue has been previously described by Ludlow et al., with infection of the epithelium occurring only when MV was present in the underlying submucosa (24) . Our data indicate that MV-infected cells of a nonepithelial origin are often present in the BAL or located in the lumen of alveoli, indicating that infection of epithelial cells may not be required for transmission of MV, as has been previously suggested (23) .
One difference governed by the route of infection was observed in animals infected with attenuated MV. In the upper respiratory tract, pathogenic MV was detected only after infiltration of MV-infected CD150 ϩ cells following the onset of systemic viremia in both i.t. and aerosol infections. This is probably because infection of the airway epithelium from the apical side is not possible, and only low numbers of CD150 ϩ target cells are available. Infection of cytokeratin-positive epithelial cells was observed, however, possibly via the recently described putative epithelial cell receptor present on the basolateral sides of these cells (23, 37) . Early detection of attenuated MV in the throat and nose after aerosol inhalation indicates that, in contrast to pathogenic MV, attenuated MV may be capable of primary replication in the upper respiratory tract. Such early replication might be mediated by the use of CD46 as an entry receptor. However, the presence of MVinfected cells could not be confirmed by immunohistochemistry, suggesting that the numbers of infected cells in the upper respiratory tract were low.
Our study was not designed as a vaccination study but as a comparative study of two MV strains with important biological differences. For this reason, we did not include the standard route of administration of live-attenuated MV vaccines in our experimental design. We are currently preparing for a vaccination study in which rMV Edmonston-Zagreb expressing EGFP will be administered to macaques via four routes of inoculation: subcutaneous injection, intratracheal inoculation, smallparticle aerosol (for deep lung delivery), and large-particle aerosol (for upper respiratory tract delivery). In this study, animals will either be euthanized at early time points to assess virus tropism or be kept alive for monitoring of immune responses and assessment of protection from challenge infection.
In conclusion, we have shown that attenuated MV is capable of efficient replication in lymphoid cells in vitro, while replication in these cells is impaired ex vivo and in vivo. In addition, we show that even though attenuated MV is incapable of causing systemic infection, it causes a robust infection in the lungs of macaques. Most importantly, the cell types that are mainly targeted in the lungs are very similar to those targeted by pathogenic MV, and attenuated MV seems to prefer CD150 as a cellular entry receptor. It will be interesting to determine if this is the case in humans. There have been reports of progressive infection in vaccine recipients who have underlying immunological disorders (2, 25) . Such tissues should be examined, as this would answer this question for the natural host and would also add to the weight of the macaque model as an ideal experimental-infection model for MV.
